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Recently, much attention has been paid to microwave absorbing materials, [1] [2] [3] [4] [5] [6] [7] [8] especially, composites of a ferromagnetic metal and a dielectric semiconductor. [4] [5] [6] [7] These composites possess the combined effect of high saturation magnetization, high initial permeability, high Curie temperature of ferromagnetic metals, 8 and the high resistivity of semiconductors, which ensures a large dielectric loss 4 and suppresses the eddy current effect. [5] [6] [7] In metal-semiconductor composites and other kinds of materials, magnetic resonances and dielectric resonances often appear. Although the origin of magnetic resonances has been clarified theoretically, 1,3-11 the mechanism of dielectric resonances remains unclear. Here, we report a metal-semiconductor Fe/ TiO 2 composite which exhibits a nonlinear dielectric resonance and multiple magnetic resonances. The origin of the dielectric resonance is attributed to the high resistivity resulting from the large size of Fe grains. The multiple magnetic resonances can be ascribed to natural resonance and exchange resonances that can be explained by Aharoni's exchange resonance theory. 9 The co-occurrence of dielectric and magnetic losses ensures a reasonable basis of multiple microwave absorptions.
The Fe/ TiO 2 composite was prepared by the milling and annealing method. In brief, a mixture of Fe 2 O 3 and Ti powders was milled for 35 h under an argon atmosphere. 8 The as-milled powder was denoted as sample A. Then, part of the powder was annealed at 960°C for 30 min, which was named sample B. For comparison, another part of the powder was annealed at 350°C for 30 min ͑denoted as sample C͒. The structures were characterized by x-ray diffraction ͑XRD͒ with Cu K ␣ radiation. As shown in Fig. 1͑a͒ , in sample A, TiO 2 is amorphous and the average size of Fe grains is 6.4 nm, while sample B is composed of ␣-Fe and TiO 2 with the average grain sizes of 50.6 nm and 51.5 nm, respectively, as estimated from the integral width of their diffraction reflections, with strain and instrumental broadening eliminated. In sample C, TiO 2 is amorphous and the Fe grain size is 17 nm. The bright-field transmission electron microscopy ͑TEM͒ and high-resolution TEM images obtained on a 〈-FEI Tecnai G2 F20 are presented in Figs. 1͑b͒ and 1͑c͒ , respectively.
Toroidal specimens for microwave measurements between 2 and 18 GHz using a network analyzer Agilent 8722ES were prepared by mixing 50 wt % Fe/ TiO 2 composite in a paraffin matrix.
The frequency dependence of the real part ͑Ј͒ and imaginary part ͑Љ͒ of relative complex permittivity ͑ r = Ј − jЉ͒ of the paraffin-Fe/ TiO 2 composite containing 50 wt % Fe/ TiO 2 is shown in Fig. 2͑a͒ . For sample A, several small fluctuations are observed, which can be ascribed to the lag of electrical displacement behind the electrical field at the Fe/ TiO 2 interfaces, similar to the case in Ni@C or Fe@ZnO nanocapsules. 4, 7 For sample B, maxima and minima on the Ј curve are found just below or above 11.2 GHz, whereas one sharp peak on the Љ curve is observed at about 11.2 GHz. This feature is typical for nonlinear dielectric resonances. 12 We have to figure out the polarization mechanism in order to further understand the origin of the dielectric resonance in sample B. Generally, there are four possible polarization mechanisms as follows: electronic, atomic or ionic, orientation, and interfacial polarizations. 13 The first two polarization processes occur in ultraviolet and infrared light ranges, respectively. The third one occurs in the microwave range but only results in dielectric relaxation instead of dielectric resonance. 10 Interfacial polarization arises at very low frequency when two phases differ from each other in dielectric constant and conductivity. However, dielectric resonance due to interfacial polarization can be tuned to the microwave frequency if the electric conductivity of one phase is between 1 and 100 S/m.
14 Using the method developed previously, 15 the conductivity of the Fe grains in sample B was calculated to be about 10 S/m, which demonstrates that the interfacial polarization can occur around 10 GHz. Therefore, it is the interfacial polarization that dominates the polarization process in sample B.
Let us return to the dielectric resonance. The absence of dielectric resonance in sample A safely rules out the possibility that the dielectric resonance in sample B arises from high-dielectric-scattering TiO 2 dispersed in the lowdielectric-scattering paraffin. 12 By comparison, we can find the only two major differences between sample A and sample B. First, TiO 2 is crystalline in sample B but amorphous in sample A. To find out the effect of crystallinity on the dielectric resonance, sample C was prepared using the method as mentioned above. In the plot of the relative complex permittivity of sample C ͓Fig. 2͑a͔͒, a dielectric resonance is also found around 11.2 GHz, which means that the crystallinity of TiO 2 has no determining effect on the dielectric resonance in our samples. The second difference is that the average size of Fe grains in sample B is 50.6 nm, which is seven times larger than that of sample A ͑about 6.4 nm͒. As is well known, the size of metal grains can dramatically affect the electrical conductivity of the metal-semiconductor composites due to the fact that the critical volume fraction for percolation increases with the size of metal grains. 16 Using Eq. ͑1͒, we calculated the conductivity ratios B / A and C / A to be 113 and 51, respectively. The resistivity of sample A measured at room temperature using the four-point method on a Keithley 2400 Source Meter and 2182 Nanovoltmeter and Quantum Design superconducting quantum interference device is 8.53ϫ 10 −4 ⍀ m, almost behaving like a conductor, but samples B and C, whose conductivities are 9.64ϫ 10 −2 ⍀ m and 4.35ϫ 10 −2 ⍀ m, respectively, behave as semiconductors.
When samples B and C are exposed to microwaves, a capacitance will be generated at the interfaces of the Fe and TiO 2 grains. 6, 17, 18 Meanwhile, due to interfacial polarization as mentioned above, interfacial charges accumulate and dissipate alternatingly at the Fe/ TiO 2 interfaces and thus a LC circuit sets in ͓inset of Fig. 2͑a͔͒ . Then, as well known, a dielectric resonance will happen at the frequency f 0 =1/ ͑2 ͱ LC͒. However, because sample A is a conductor and thus the fine Fe grains will short-circuit the capacitances, a LC circuit cannot be completed. This is why the dielectric resonance only occurs in samples B and C and not in sample A.
The frequency dependence of the real part ͑Ј͒ and the imaginary part ͑Љ͒ of relative complex permeability ͑ r = Ј− jЉ͒ of the paraffin-Fe/ TiO 2 composite is given in Fig.  2͑b͒ , in which several resonance peaks can be seen in the plot. In order to determine the locations of these peaks, the magnetic tangent loss ͑tan = Љ/ Ј͒ is plotted in Fig. 2͑c͒ .
In general, the microwave magnetic loss of nanoparticles can be ascribed to magnetic hysteresis, domain-wall resonance, eddy-current loss, natural resonance, and exchange resonance. The magnetic-hysteresis loss can be neglected in low fields. Domain-wall resonance usually occurs in the 1-00 MHz range. 19 Thus, neither the magnetic-hysteresis loss nor the domain-wall resonance will be dominant in the microwave magnetic loss in the present composite. The eddy-current loss can be expressed by
where f is the applied frequency, 0 is the vacuum permeability, and is the electric conductivity of the particle. If the eddy-current loss would be the only contribution to the magnetic loss, the value of Љ/ ͓͑Ј͒ 2 f͔ =2 0 d 2 f / 3 should be constant when the frequency varies. 10 Since the value of Љ/ ͓͑Ј͒ 2 f͔ fluctuates in the range of 2-18 GHz ͓Fig. 2͑d͔͒, the eddy-current loss can be excluded. Therefore, the microwave magnetic loss must be attributed to the natural resonance and the exchange resonance. Toneguzzo et al. 1 have suggested that the natural resonance occurs at a lower frequency than the exchange resonance. In this picture, the peak at 2.6 GHz for sample B and the one at 2.8 GHz for sample A can be attributed to the natural resonance and the other peaks result from the exchange resonance. According to the exchange-resonance theory, 1,9 the exchange resonance frequency is given by
where ␥ 0 is the gyromagnetic ratio, C is the exchange constant, kn are the roots of the differential spherical Bessel function, R is the grain size, M s is the saturation magnetization, and f 0 is the natural-resonance frequency. It is noticed that kn has a set of values, each of which corresponding to an exchange-resonance frequency. According to Aharoni 9 and Mercier et al., 20 ferromagnetic nanoparticles smaller than 100 nm may exhibit several exchange resonance peaks. The proper average sizes of Fe grains ensure the occurrence of the multiple exchange resonances.
As shown in Fig. 3͑a͒ , a strong magnetic loss occurs at about 2.6 GHz, which means that the Fe/ TiO 2 composite can be a suitable candidate for low-frequency microwave absorber material. The reflection loss ͑RL͒ for the sample B, shown in Fig. 3͑b͒ , was derived from the relative complex permittivity and permeability data, using the transmissionline theory. 21 Multiple microwave absorptions which correspond to the multiple dielectric and magnetic resonances shown in Fig. 3͑a͒ are observed in the S-band ͑2-4 GHz͒, X-band ͑8-12 GHz͒, and Ku-band ͑12-18 GHz͒. Additionally, the maximum RL value shifts to lower frequency with sample thickness increasing from 1 to 8 mm. Interestingly, no strong microwave absorption occurs around 11.2 GHz where the dielectric and magnetic loss maxima coincide, which may result from an imbalance of the electromagnetic match. 4, 22 In conclusion, both the dielectric and multiple magnetic resonances are closely related with the size of Fe grains. The average size of Fe grains has an important influence on the presence of the dielectric resonance. The magnetic resonances involve the natural resonance and exchange resonances. The latter are dependent on the ferromagnetic grain size. Thus, a proper size of the metal grains is fundamental for the dielectric resonance and multiple magnetic resonances. The co-occurrence of the dielectric loss and multiple microwave magnetic loss in Fe/ TiO 2 composite ensures a appreciable microwave absorption in the full frequency range.
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